An oleate-dependent Enterococcus faecalis isolate representing small-colony variants (SCVs) was isolated from the umbilical exudate of a 31-month-old Japanese male patient in Nagano Children's Hospital, Azumino, Japan. The patient had been suffering from recurrent omphalitis since early infancy. The initial E. faecalis SCV isolate formed small colonies on sheep blood agar plates and tiny colonies on chocolate and modified Drigalski agar, although no visible growth was observed in HKsemi solid medium after 48 h incubation in ambient air. Moreover, the SCV isolate, the colonial morphology of which was reminiscent of Streptococcus species, could not be identified using the MicroScan WalkAway-40 and API 20 Strep systems, both of which yielded profile numbers that did not correspond to any bacterial species, probably as a result of insufficient growth of the isolate. The SCV isolate was subsequently identified as E. faecalis based on its morphological, cultural and biochemical properties, and this was confirmed by sequencing the 16S rRNA gene of the organism. Investigations revealed that the addition of oleate, an unsaturated fatty acid, enabled the isolate to grow on every medium with normal-sized colony morphology. Although it has long been known that long-chain fatty acids, especially unsaturated oleic acid, have a major inhibitory effect on the growth of a variety of microorganisms, including not only mycobacteria but also streptococci, this is, to the best of our knowledge, the first clinical isolation of an oleate-dependent E. faecalis SCV isolate. In addition, oleic acid might be considered to affect the cell membrane permeability of carbohydrates or antimicrobial agents such as b-lactams.
INTRODUCTION
Bacterial strains forming small-colony variants (SCVs) that require some kind of compound for growth have been isolated in clinical microbiology laboratories. These strains have been described by many adjectives other than SCV, such as substance-dependent, dwarf, G-variant and so on. They have been demonstrated not only to represent atypical colony morphologies, but also to exhibit unusual phenotypic properties (Kahl et al., 2003) . A variety of SCVs of Gram-positive and Gram-negative pathogens, such as Staphylococcus aureus, Staphylococcus epidermidis, Escherichia (Esch.) coli, Proteus mirabilis, Salmonella enterica, Pseudomonas aeruginosa and Burkholderia cepacia, have been reported (Proctor et al., 2006; Oana et al., 2013) . The SCV phenotypes are frequently accompanied by genetic mutations that stabilize the phenotypes and often result from hypermutability because of deficient DNA repair (Schaaff et al., 2003; Besier et al., 2008) . These mutations often confer resistance to antibiotics and changes in nutritional requirements, such as haemin, menadione or thymidine dependency (Gilligan et al., 1987; von Eiff et al., 1997; Kahl et al., 1998; Proctor et al., 2006) . Among the SCVs, S. aureus SCVs have been intensively studied for their morphological, ultrastructural, metabolic and growth characteristics Kahl et al., 2003 Kahl et al., , 2005 Kohler et al., 2003; Chatterjee et al., 2007 Chatterjee et al., , 2008 . However, little information is available concerning the SCVs of Enterococcus species. As far as we know, two cases of endocarditis caused by SCVs of Enterococcus faecalis (Kaase et al., 2004; Wellinghausen et al., 2009 ) and only one case of a bloodstream infection caused by SCVs of Enterococcus faecium in a patient with acute myeloid leukaemia (Gröbner et al., 2012) have been documented to date.
In this report we present, to the best of our knowledge, the first clinical isolation of an E. faecalis SCV strain dependent on oleate (an unsaturated fatty acid) as a causative agent of recurrent omphalitis. Characterization of the phenotypic and biochemical properties of the oleate-dependent E. faecalis SCV isolate was carried out, together with investigations of its antimicrobial susceptibilities and growth behaviours. Our microbiological findings concerning the cause of exhibiting SCVs in E. faecalis should bring about a contribution to the deeper understanding of the SCVs of E. faecalis.
METHODS
Pathological specimens from a patient yielding E. faecalis SCVs. A 31-month-old Japanese male child was hospitalized in Nagano Children's Hospital, Azumino, Japan. The patient had been troubled by persistent umbilical inflammation and had been diagnosed as having a suspected urachal remnant. However, a urachal remnant was not present on ultrasound imaging and a diagnosis of omphalitis was determined. The patient had received therapy with gentamicin ointment in the previous 2 weeks. On the day of hospitalization, cotton scrapings from the patient's umbilical exudate were obtained using a sterile, ready-to-use CultureSwab Plus system (Nippon Becton Dickinson). The scrapings were submitted to the Department of Laboratory Medicine, Nagano Children's Hospital, for bacteriological examination.
Morphology and conventional identification of the SCV isolate by biochemical characterization. The samples were streaked onto chocolate agar, sheep blood agar (Trypticase soy agar II with 5 % sheep blood) and modified Drigalski agar plates (all Nippon Becton Dickinson), together with inoculating into HK semi-solid medium (Kyokuto Seiyaku). After 48 h incubation at 35 uC, the colonies that appeared were morphologically investigated using a Gram stain and subjected to bacteriological examinations using Pos Combo 3.1J panels (Sysmex bioMérieux) in the automated MicroScan WalkAway system (Siemens Healthcare Diagnostics), together with the API 20 Strep system (Nippon bioMérieux). Catalase activity was investigated by observing bubbles after emulsifying a fresh colony in a drop of 5 % H 2 O 2 on a glass slide, and an ONPG test was carried out (SigmaAldrich) as described previously (Pezzo, 1995) .
Antimicrobial susceptibilities of the SCV isolate. MICs were determined using Pos Combo 3.1J panels (Sysmex bioMérieux) in the MicroScan WalkAway system (Siemens Healthcare Diagnostics). Susceptibility examinations of the SCVs and revertants with normal phenotypes were carried out on Mueller-Hinton agar plates using impregnated discs (Nippon Becton Dickinson). Susceptibilities were determined by gauging the inhibitory diameters that appeared around the discs and interpreted according to the CLSI M100-S22 criteria (CLSI, 2012).
Molecular identification of the SCV isolate by sequencing 16S
rRNA. The coding 16S rRNA region of 1472 bp was directly sequenced as described previously (Neilan et al., 1997) using the DTCS Quick Start Master Mix kit (Beckman Coulter) and a model CEQ 2000XL DNA analysis system (Beckman Coulter). The sequence was retrieved from the Ribosomal Database Project (Maidak et al., 2001) and evaluated by comparing it with that of ATCC19433 (GenBank/DDBJ/EMBL accession number AE016949).
PFGE analysis. The SCV isolate, the revertant and the reference E. faecalis ATCC29212 strain were genotyped by PFGE. The PFGE conditions and procedures were conducted as described previously (Oana et al., 2009 ) using the restriction enzymes SmaI and NotI.
Auxotrophy examination of the SCV isolate. Auxotrophy testing was performed as follows. Dependency on haemin and NAD was examined using X-and V-factor-containing XV-Multi discs (Eiken Chemical) on Mueller-Hinton agar plates (Oxoid). Requirements for menadione, thymidine or biotin were tested by inoculation on Mueller-Hinton agar plates containing the respective compound (Sigma-Aldrich) at concentrations of 10 mg ml 21 for menadione, 100 mg ml 21 for thymidine and 1000, 100, 10 and 1 mg ml 21 for biotin. Auxotrophy for the fatty acids such as oleic acid and lauric acid (Sigma-Aldrich) was examined on Mueller-Hinton agar plates (Eiken Chemical) containing each fatty acid at a concentration of 3.5 mM. The reference E. faecalis ATCC29212 strain was simultaneously investigated for growth control.
Effect of varying concentrations of fatty acids on the growth of the SCV isolate and reference ATCC29212 strain. MuellerHinton agar (Eiken Chemical) was used to determine the effects of long-chain fatty acids on the growth of the SCV isolate and the reference ATCC29212 strain. Media were prepared by adding fatty acids, namely oleic acid and lauric acid, at concentrations of 0.035, 0.35 and 3.5 mM. Control medium contained no fatty acid. To further determine the effects of fatty acids on growth, degrees of growth were determined under supplementation with a fatty acid by drawing growth curves using the SCV isolate, the revertant strain and the reference ATCC29212 strain. The number of viable cells was calculated as c.f.u. per millilitre. At 0, 2, 4, 6, 8, 10 and 12 h, the samples (100 ml) were removed and 10-fold serial dilutions were performed. An aliquot (100 ml) of each dilution was spread in duplicate onto sheep blood agar (Trypticase soy agar II with 5 % sheep blood; Nippon Becton Dickinson) for colony counts. The inoculated plates were incubated overnight at 35 uC. The growth curves of the SCV isolate obtained under various concentrations of fatty acids were evaluated by comparing them with the growth curve of the ATCC29212 strain.
Occurrence rate of revertants from SCVs and SCVs from revertants. Stability of the isolate with an SCV phenotype was assessed to determine the occurrence of revertants with normal-sized colonies from small to tiny colonies with SCV phenotypes. A slightly turbid Trypticase soy broth (Eiken Chemical) culture of SCVs around the exponential phase of growth was prepared and the number of cells was counted. An aliquot (100 ml) of properly diluted broth medium was spread onto chocolate agar plates (Nippon Becton Dickinson) in triplicate. The occurrence rate of revertants was calculated by the number of revertants appearing among the number of SCVs. The same procedures, as described above, were carried out to determine the frequency of SCVs emerging from revertants.
Detection of fabZ1 from the SCV isolate and its comparative sequence analysis. The fabZ1 gene, responsible for production of the unsaturated fatty acid biosynthase, was detected by PCR using forward (59-AAATTGGGATTGCAGGCTTT-39) and reverse (59-TCCAAAATTGATTGATTCTTATC-39) primers, and was directly sequenced using the DTCS Quick Start Master Mix kit and a CEQ 2000XL DNA analysis system. The sequence was retrieved from the BLAST database, and evaluated by comparing it with that of the E. faecalis V583 strain.
RESULTS
Isolation of the E. faecalis SCV isolate and its colonial and morphological properties After incubation of the exudate-inoculated media at 35 u C for 48 h, non-haemolytic small colonies appeared on sheep blood agar plates and tiny colonies on chocolate and modified Drigalski agar plates (Fig. 1) , but no visible growth was observed on HK semi-solid medium. When the isolate with small to tiny colony morphologies was inoculated onto Mueller-Hinton agar without any supplementation, the colonies that appeared were extremely tiny, which we seemed to overlook. Among the colonies with an SCV phenotypes grown on each agar plate, no normalsized revertant colony was observed, demonstrating uniform growth of small or tiny colonies on each media.
The SCV colonies grown on media were demonstrated to be Gram-positive with small or tiny colonial phenotypes. They appeared to have irregularly sized cocci (Fig. 2) .
Biochemical and molecular identification of the SCV isolate
Although direct microscopic examination of the Gramstained umbilical exudate preparation revealed no distinctive pathogens indicative of infection, the SCVs were considered to be the causative agents of the infection because of their repeated isolation from specimens submitted 2 days later. No other microorganisms were detected. Biochemical characterization and antimicrobial susceptibility testing were carried out with the automated MicroScan WalkAway system, together with the API 20 Strep kit system. The Pos Combo 3.1J panels in the MicroScan WalkAway system failed to correctly identify the isolate or its antimicrobial susceptibilities. Both of the systems failed to identify the isolate, with the resulting profile numbers not corresponding to any bacterial species provided with the systems. Indeed, the profile number of 7143110, provided by the API 20 Strep system (Table 1) , failed to correspond to any listed profile number in the system.
In the next experiment, the coding region of the 16S rRNA gene of the SCV isolate was directly sequenced as described previously (Neilan et al., 1997) and the sequence obtained was retrieved from the Ribosomal Database Project (Maidak et al., 2001) . Comparative sequence analysis showed complete (100 %) 16S rRNA sequence similarity to that of the E. faecalis ATCC19433 strain (GenBank/ DDBJ/EMBL accession number DQ411814). Therefore, we identified the SCV isolate as E. faecalis.
Auxotrophy examination of the SCV isolate
When incubated on Mueller-Hinton agar with enrichment of haemin, NAD, thymidine or menadione, the E. faecalis SCV isolate yielded no growth of normal-sized colonies. Moreover, the isolate was also found to be independent of biotin. However, when incubated on Mueller-Hinton agar with oleic acid (but not with lauric acid), the SCVs of the E. faecalis isolate were seen to form normal-sized colonies. Oleate-dependent E. faecalis small-colony variant
The finding that the SCV isolate was dependent on oleic acid was confirmed by adding various concentrations of oleic acid to the agar plates. The addition of 3.5 mM oleic acid was adequate for the SCV isolate to yield almost the same-sized colonies as the reference E. faecalis ATCC29212 strain, which was used as a growth control (Fig. 3) . This was confirmed by drawing the growth curves of the SCV isolate with various concentrations of oleic acid. Medium supplemented with 3.5 mM oleic acid was demonstrated to support almost the same ample growth as the reference ATCC29212 strain, which was used as a control (Fig. 4) .
Frequency of emergence of normal-sized revertant colonies from the SCV isolate and its stability
Normal-sized colonies were demonstrated to emerge among the tiny colonies with SCV phenotypes at frequencies of 5.4610
26
. In contrast, the occurrence of SCVs from normal-sized colonies exchanged from SCVs was extremely low (frequency ,10 28 ). We then investigated the genetic clonality between the normal-sized colonies and the isolates with SCV phenotypes using PFGE with the NotI and SmaI enzymes, and confirmed the clonal identity of the two phenotypes (Fig. 5) .
Demonstration of fabZ1 gene from the SCV isolate
The fabZ1 gene, responsible for the biosynthesis of unsaturated fatty acid, was detected in the E. faecalis SCV isolate by PCR. The comparative sequence analysis of the fabZ1 gene completely corresponded to that of the E. faecalis V583 strain.
Drug susceptibility of the SCV isolate and the revertant strain
Because the SCV isolate was unable to grow in the growth control wells of Pos Combo 3.1J panels, MICs by means of the broth dilution method could not be determined with the MicroScan WalkAway system. Comparable susceptibility results for both the SCV isolate and the revertant strain were only achieved by the disc-diffusion method.
Both the SCV isolate and the revertant strain exhibited resistance to erythromycin and clindamycin, and high resistance to gentamicin. In addition, the SCV isolate demonstrated smaller diameters of inhibitory zones to all of the b-lactam drugs, such as penicillins and cephems, compared with those produced by the revertant strain (Table 2) .
DISCUSSION
There is limited information concerning the occurrence of infections caused by SCVs of Enterococcus species. To date, three cases of infections caused by enterococcal SCVs have been reported: two cases of endocarditis caused by E. faecalis SCVs (Kaase et al., 2004; Wellinghausen et al., 2009 ) and a case of bacteraemia caused by E. faecium SCVs (Gröbner et al., 2012).
The first report, by Kaase et al. (2004) , was a meeting report of a case of prosthetic mitral valve endocarditis caused by E. faecalis SCVs, the phenotypes of which were unstable and reverted at high rate to the normal-sized ATCC29212 strain SCV isolate Revertant strain Fig. 2 . Gram-stained E. faecalis SCV isolate and its revertant strain, compared with the ATCC29212 strain, after incubation for 48 h on sheep blood agar plates. N. Kubota and others phenotype. No clarification was made on the auxotrophy of this strain for a certain substrate. However, the other cases of E. faecalis and E. faecium SCVs, both of which were isolated together with the normal phenotypes, were investigated for the auxotrophy of the SCVs. These investigations clarified that the E. faecalis SCVs were haemin dependent (Wellinghausen et al., 2009) and the E. faecium SCVs were NAD and thymidine dependent (Gröbner et al., 2012) . In addition, concurrently recovered SCV and normal phenotypes of the E. faecalis and E. faecium strains were stable and did not reverse after repeated transplantations. In contrast, our case yielded only SCV phenotypes without normal phenotypic colonies, and these reverted from SCVs to normal phenotypes at a frequency of 5.4610
26
.
Our E. faecalis SCV isolate represents, to the best of our knowledge, the first comprehensive characterization of an oleate-dependent clinical E. faecalis SCV. The SCVs were isolated from a paediatric patient with recurrent omphalitis, and morphological and growth-phase analyses and antimicrobial susceptibility testing were performed.
Bacteriologists have investigated many growth-inhibitory agents (via their incorporation in culture media) against bacterial species. Among them, long-chain fatty acids and their derivatives have long been considered as major inhibitory agents of bacterial growth (Pollock, 1947; Carson & Daneo-Moore, 1980) . In fact, long-chain fatty acids have been shown to have inhibitory activities against streptococci (Nieman, 1954) , corynebacteria (Walker, 1926; Cohen et al., 1941) , lactobacilli (Bauernfeind et al., 1942; Strong & Carpenter, 1942) and mycobacteria (Dubos, 1950) , and so on. The effects of long-chain fatty acids on growth of the organisms were determined turbidimetrically (Willett & Morse, 1966) , and we found that the order of activity of the fatty acids was dependent upon whether complete inhibition or 50 % inhibition 0.035 mM oleic acid 3.5 mM oleic acid 0.35 mM oleic acid Oleate-dependent E. faecalis small-colony variant point was used as a parameter of activity. That is, the degree of unsaturation of C 18 acids actually enhanced antimicrobial activity in the case of using complete inhibition of growth as a parameter of activity. However, when the 50 % inhibition point was used as an index, this order was reversed. Increase in carbon chain from C 12 to C 18 failed to correlate with either complete inhibition or 50 % inhibition points. Moreover, antimicrobial activities of unsaturated and saturated fatty acids were eliminated by addition of BSA and/or other compounds (Willett & Morse, 1966) . These findings have been widely adopted in preparing media by incorporating blood, serum, charcoal and so on. In particular, lauric acid (C 12 ) has been demonstrated to have a stronger inhibitory effect, among saturated fatty acids, against Gram-positive cocci, including E. faecalis. In addition, unsaturated monoenoic acid, such as oleic acid (C 18 : 1 ), has been found to have stronger inhibitory effect than any saturated fatty acid, including lauric acid (Willett & Morse, 1966) . However, more interesting findings have been reported on the dualistic concentration-dependent properties of palmitoleic, linoleic and oleic acids; that is, a growth-stimulatory effect in the presence of low concentrations of fatty acid and a growthinhibitory effect in the presence of high concentrations (Nieman, 1954) .
The role of fatty acids as growth factors for microorganisms has drawn comparatively little attention. However, it has become clear that the fatty acid components of fats can be used in catabolism. This catabolic function of fatty acids has been shown to be essential in microorganisms (Nieman, 1954) . In Esch. coli strains, the unsaturated fatty acid synthetic pathway requires two specialized proteins, FabA and FabB. However, the fabA and fabB genes are found only in Gramnegative a-and c-Proteobacteria. In E. faecalis strains, a protein annotated as FabZ1, which functionally replaces the Esch. coli FabA protein, has been demonstrated to be encoded (Wang & Cronan, 2004) , although the sequence of this protein aligns far more closely with Esch. coli FabZ, a protein that plays no specific role in unsaturated fatty acid synthesis. Therefore, E. faecalis FabZ1 is known to be a bifunctional dehydratase/isomerase, an enzyme activity previously confined to a group of Gram-negative bacteria. We verified the presence of the fabZ1 gene and affirmed its existence in our SCV isolate. Nonetheless, the SCV isolate required oleic acid for growth with usual-sized colonial morphologies. This fact might imply that the structural gene fabZ1 failed to be expressed by some regulator genes or unknown mechanisms.
Long-chain fatty acids such as oleic acid are known to be closely related to bacterial respiration and amino acid uptake (Galbraith & Miller, 1973) . In addition, an experiment using an unsaturated fatty acid auxotroph of Esch. coli Kl2 grown on media supplemented with oleic acid or linoleic acid demonstrated that unsaturated fatty acids affect the b-galactoside and b-glucoside transport systems (Wilson et al., 1970) . In our experiment, as shown in Table 1 , the reactions to sorbitol, lactose and starch all switched from negative in the SCV isolate to positive in both the revertant and the SCV isolate under supplementation with oleic acid. Interestingly, the reactions to ONPG (b-galactosidase activity) were positive for both the SCV isolate and the revertant strain. That is, the SCV isolate gave a negative reaction for lactose fermentation despite demonstrating positive b-galactosidase activity. This indicates that the property of being lactose negative is ascribed not to the absence of b-galactosidase activity, but to extremely low lactose permeability of the cell membrane. In short, oleic acid might have a role in the cell membrane permeability of carbohydrates, including lactose. That is, the SCV isolate might have been unable to catabolize sorbitol, lactose and starch because of poor permeability of its cell membrane.
Antimicrobial susceptibility tests by the disc-diffusion method revealed, as shown in Table 2 , that the SCV isolate was resistant to macrolides and highly resistant to gentamicin, which confirmed the previous report (Wellinghausen et al., 2009) , and that the inhibitory-zone diameters of the SCV isolate against agents other than gentamicin were smaller than those of the revertant strain, indicating more resistance. This might be explained by the poor permeability of antimicrobials into a cell membrane constructed under oleic-acid-deficient conditions, in contrast to speculation that structural changes in the bacterial cell wall are associated with increased resistance to b-lactam antibiotics in SCVs (Wellinghausen et al., 2009 ).
An additional interesting earlier finding was that a Saccharomyces cerevisiae strain was auxotrophic for longchain fatty acids, and that this auxotrophic property could be suppressed by high levels of biotin in the medium (Stolz et al., 1999) . Moreover, in experiments with lactobacilli, oleic acid was noted to be superfluous when biotin was present; the authors hypothesized that biotin somehow promotes the formation of unsaturated fatty acids essential to the bacteria (Williams et al., 1947) . Therefore, since no unsaturated fatty acids would be synthesized in the absence of biotin, they must be added to the medium. Thus, we investigated whether the SCV isolate could grow into a normal-sized colonial morphology when cultured with substantial quantities of biotin, and found that no normal-sized colonies appeared in the biotin-supplemented environment. This experiment demonstrates that the SCV isolate showing small to tiny colonial morphology represents true oleate dependency, having nothing to do with biotin.
To the best of our knowledge, this is the first report of the isolation of an oleate-dependent E. faecalis SCV as the aetiological agent of refractory omphalitis, which occurred in a 31-month-old Japanese male patient. Our findings provide noteworthy and potentially useful information for gaining a deeper understanding of SCVs of E. faecalis.
